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The dynamic lateral segregation of signaling proteins into microdomains is proposed to facilitate signal
transduction, but the constraints on microdomain size, mobility, and diffusion that might realize this function
are undefined. Here we interrogate a stochastic spatial model of the plasma membrane to determine how
microdomains affect protein dynamics. Taking lipid rafts as representative microdomains, we show that
reduced protein mobility in rafts segregates dynamically partitioning proteins, but the equilibrium concen-
tration is largely independent of raft size and mobility. Rafts weakly impede small-scale protein diffusion but
more strongly impede long-range protein mobility. The long-range mobility of raft-partitioning and raft-
excluded proteins, however, is reduced to a similar extent. Dynamic partitioning into rafts increases specific
interprotein collision rates, but to maximize this critical, biologically relevant function, rafts must be small
(diameter, 6 to 14 nm) and mobile. Intermolecular collisions can also be favored by the selective capture and
exclusion of proteins by rafts, although this mechanism is generally less efficient than simple dynamic
partitioning. Generalizing these results, we conclude that microdomains can readily operate as protein
concentrators or isolators but there appear to be significant constraints on size and mobility if microdomains
are also required to function as reaction chambers that facilitate nanoscale protein-protein interactions. These
results may have significant implications for the many signaling cascades that are scaffolded or assembled in
plasma membrane microdomains.
The classical view of the plasma membrane lipid bilayer, as
a two-dimensional fluid acting as a neutral solvent for mem-
brane proteins in which all particles diffuse freely (34), has
been substantially modified in recent years. The plasma mem-
brane is a complex structure that is compartmentalized on
multiple length and time scales. This compartmentalization is
driven by a variety of lipid-lipid, lipid-protein, and actin cy-
toskeleton interactions (1, 5, 11, 13, 17). These mechanisms are
well illustrated by the plasma membrane interactions of the
Ras GTPases that have been extensively studied by single-
particle tracking (SPT), electron microscopy (EM), and fluo-
rescence recovery after photobleaching (FRAP). H-, N-, and
K-ras are nonrandomly distributed over the plasma membrane
in microdomains or nanoclusters. Activated GTP-loaded H-ras
and K-ras dynamically partition into nonoverlapping clusters
that are unaffected by cholesterol depletion but exhibit differ-
ential dependence on the actin cytoskeleton (16, 18, 24, 25).
Activated GTP-loaded N-ras, in contrast to H-ras, partitions
into cholesterol-dependent clusters (8, 16, 26). Clustering of
H- and K-ras proteins requires the common scaffold protein
Sur-8 and the selective scaffolds galectin-1 and galectin-3, re-
spectively (6, 8, 16, 21). There is good evidence that these
various Ras microdomains are platforms for signal transduc-
tion (8, 16, 26).
A further example of membrane microdomains is the lateral
segregation of glycosphingolipids and cholesterol into liquid-
ordered domains. Phase separation of cholesterol-enriched,
liquid-ordered domains or lipid rafts has been clearly demon-
strated in model membranes and also in biological membranes,
although the length and time scales on which this phase sep-
aration occurs are a matter of debate (5, 11, 15, 32). Multiple
estimates of the diameter of lipid rafts have been provided
using diverse techniques, although photonic force microscopy,
fluorescence resonance energy transfer, and EM provide a
convergence of estimates of 6 to 50 nm, with the most recent
studies favoring the lower end of this range (5, 23, 24, 31).
Similar sizes, in the range of 12 to 32 nm, have been reported
for the microdomains occupied by activated H-ras and K-ras
(22, 24).
An important role that has been ascribed to all plasma
membrane microdomains is that of selectively concentrating
proteins to facilitate the assembly of signaling complexes (33).
Many studies have been qualitatively interpreted in terms of
this type of microdomain model. However, no quantitative
analysis has been attempted to explore the basic mechanics of
how microdomains might drive protein-protein interactions, as
demanded in their role of supporting the assembly of signaling
platforms. For example, if microdomains do aggregate pro-
teins, are there any constraints on size and dynamics that need
to be imposed for them to achieve this function? If so, are
these constraints realistic and how do the predictions compare
with recent estimates of microdomain size and dynamics?
These are difficult but important questions that are especially
relevant in the context of the ongoing discussions of plasma
membrane structure and function.
Since microdomains are larger than single proteins, the dif-
fusion rate of proteins sequestered in microdomains is lower
than those in surrounding membranes (23). However, if pro-
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teins enter and leave microdomains, i.e., exhibit dynamic par-
titioning, the expected local and global effects on protein dif-
fusion are more difficult to predict. The purpose of this study
is to explore these basic issues by constructing and interrogat-
ing stochastic Monte Carlo models of the dynamics of protein
molecules on a membrane in the presence of microdomains.
For the purpose of this paper, we will consider lipid rafts as a
specific example of a plasma membrane microdomain, given
the extensive literature that evokes these structures to explain
biological observations and the desire to provide an appropri-
ate computational approach for evaluating these claims.
MATERIALS AND METHODS
Model description and Monte Carlo simulations. The model relies on the
representation of the cell membrane as a two dimensional lattice. Each element
of this lattice is a “voxel” that can be either occupied or unoccupied by a modeled
protein at each time step; in the former case, a record is made of which modeled
protein occupies the voxel. At any time, only one modeled protein may occupy
a given voxel, in order to ensure volume exclusion between modeled proteins.
For brevity, we will subsequently refer to “modeled proteins” simply as “pro-
teins.” Throughout this work, the size of a voxel has been assumed to be 2 nm by
2 nm, this being an estimate of the average size of a membrane-anchored protein
(and not the size of the anchor). The lattice size for simulations emulating FRAP
experiments (see below) is 5 m by 7.36 m (9.2  106 voxels), while in all other
simulations it is 500 nm by 736 nm (9.2  104 voxels). The two main consider-
ations in choosing the voxel size are (i) the size of a membrane-anchored protein
(so that volume exclusion can be accurate) and (ii) the dimensions of the
membrane (must be large enough to get accurate statistics but small enough to
make the simulations tractable).
A lipid raft is modeled as a two-dimensional patch whose boundaries are
described by a simple closed curve in the plane. In this work, rafts are repre-
sented as disks and so a modeled raft occupies an area in the plane A  r2 and
is surrounded by nonraft regions as well as other modeled rafts. A given voxel is
thus assigned to either a raft or a nonraft region. In this study, modeled rafts can
have various radii, different densities on the membrane, and different diffusive
properties but, in any given simulation, the parameters remain fixed. Boundary
conditions are periodic. For brevity, we will subsequently refer to “modeled
rafts” simply as “rafts.”
The lattice is seeded with proteins of different species [for each species i, let
the number of proteins present in the system initially be ni(0)]. Each protein has
two properties: a position specified in terms of its x and y coordinates in the
lattice and a species. At each step, a protein M is chosen at random from the
general population. Let the coordinates of this protein be (x,y). One of the voxels
with coordinates (x  Di,y), (x  Di,y), (x,y  Di), or (x,y  Di) is also chosen at
random, where Di (a positive real number) is the step size of species i that
depends on its location (inside or outside a raft). The new voxel is the location
to which Brownian motion moves the protein during the current time step alone.
Note that the case where D equals 1 corresponds to choosing an adjacent voxel.
If the new voxel is occupied by a protein or a fixed obstacle, then protein M is
placed back in its original voxel (x,y) and a collision is recorded. This is an
implementation of volume exclusion, so that only one protein can occupy a voxel
at any time, as described above (3). After each such step, the simulation time is
incremented by 1/n, where n is the total number of proteins on the membrane.
Thus, a simulation interval of 1 corresponds (statistically) to the time needed for
all proteins to move once.
The “baseline” step size of a protein in a nonraft region is set to D equals 1,
and because rafts move more slowly than proteins, the step size of a raft is less
than unity. These values are estimated from the work of Saffman and Delbruck
(27) and are shown in Table 1. Since the mobility of a protein in a raft is reduced
compared with that of the surrounding membrane region (4, 23, 30), an impor-
tant parameter that has been used throughout this study to describe the inter-
action of a protein with a raft is the ratio of the step size of a species inside and
outside a model raft i.
i 
Di, raft
Di, nonraft
(1)
Larger values of D correspond to higher diffusion rates, that is, a better-mixed
system. If D is 0, then the raft or molecular species in question is immobile. If D
is nonintegral, then the interpretation of D is probabilistic and the size of the
diffusive step is nondeterministic. For example, if Di is 0.5, then a protein of
species i has, at each step, a probability of 0.5 of moving to one of its neighboring
voxels (if unoccupied) and an equal probability of not moving at all. This is used
to implement statistically subvoxel step sizes (the unitary step size must always be
the size of one voxel, 2 nm). Throughout this study, we have used a step size of
1 voxel outside rafts and a step size of  inside rafts. Because the membrane size
is large relative to a voxel size, the algorithm is a good random walk approxi-
mation to Brownian motion.
The differing numbers of rafts and proteins in the simulation complicate the
modeling somewhat. If a raft is chosen at random during each Monte Carlo step
and moved to a new position, the diffusion coefficients of rafts and proteins
cannot be equated numerically. As an example, consider a situation where there
are 10 rafts and 100 proteins. A protein will move, on the average, once every 100
simulation steps; using a naı¨ve implementation, each raft will have moved 10
times at the end of that period since it has a 1/10 probability of being chosen
during each of the 100 steps. This is not a physically accurate realization: each
raft should only have moved once, to keep diffusion rates independent of time.
To achieve this, at each Monte Carlo step, the motion of rafts is governed by two
random numbers. The first of these, R1, is sampled from the uniform distri-
bution on [0, 1] and is used to decide whether or not any raft will move during
this step. Specifically, if R1 is smaller than the raft-to-protein ratio Rr/m
defined by nrafts/nproteins, where nrafts and nproteins are the total numbers of
rafts and proteins present, respectively, then one raft will move during this
step; otherwise, all rafts retain their positions. If it is decided to move a raft,
a second integer, R2, is chosen at random between 1 . . . nrafts and used to
decide which raft will be moved. That raft will be moved in one of the cardinal
directions, as for proteins and according to its step size. If, however, the new
area to be occupied by the raft overlaps with that occupied by another raft,
then it is returned to its old location. Thus, a volume exclusion condition is
imposed between rafts. The parameters tracked during simulations are (i) the
proportion of proteins in rafts, (ii) the equilibrium concentration of proteins
in rafts after allowing the system to reach a steady state, and (iii) the collision
rate of proteins. A collision between two proteins is recorded whenever one
of the two attempts to move to a voxel that is occupied by the other (and is
rejected). The time derivative of the total collision count, estimated using a
difference formula, is the approximate number of collisions per unit time at
each point in the simulation.
To simulate an actin picket fence, the membrane was partitioned by an
array of fixed obstacles. In the framework of the model, obstacles are repre-
sented as inert proteins with a step size of 0. Proteins attempting to move into
a voxel occupied by an obstacle are rejected. Similarly, no portion of a raft is
permitted to move over a voxel containing a fixed protein (obstacle); this is
biophysically realistic since rafts are postulated to be tightly packed lipid-
cholesterol complexes that are considerably less fluid than the surrounding
membrane.
To simulate raft affinity, “rejection probabilities” were introduced associated
with proteins entering and exiting a raft. When a protein moves from a nonraft
voxel to a raft voxel, it may be returned to its original location (rejected) with
probability prr. Conversely, when exiting a raft, it may be rejected with probability
prn. If these probabilities are 0, the proteins do not differentiate between rafts
and nonraft regions, except for the difference in diffusion rates they experience
(i.e., raft partitioning is always influenced by  irrespective of the value of prn). At
the other extreme, a probability of prn or prr equal to 1 indicates that once a
protein has entered a raft or nonraft region, respectively, it will be permanently
captured in that region.
Anomalous diffusion. A consequence of the presence of rafts in our model is
the reduced mobility of proteins overall, especially if the rate of diffusion of these
inside raft domains is significantly lower than those in the free membrane. In
order to measure this, the average diffusion coefficient of proteins within a
simulation is calculated in the following manner. The mean squared deviation
TABLE 1. Step sizes of rafts relative to proteinsa
Raft diameter
(nm)
Step size relative
to protein
6............................................................................................ 0.72
14.......................................................................................... 0.54
26.......................................................................................... 0.44
50.......................................................................................... 0.33
a Relative step sizes of single proteins and rafts of increasing cross-sectional
areas were calculated using the Saffman-Delbruck equation.
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	X(t)2
 of a protein from its starting voxel is recorded. This obeys the anom-
alous diffusive relationship (14)
Xt2 
2D
1  t
 (2)
where D is the diffusion coefficient, (k) is the gamma function defined as
k  
0

t k1etdt (3)
when k is 
0, and  is the anomalous exponent, a measure of the nonclassical
behavior of the Brownian motion executed by a particle (a protein in this case).
Thus, the coefficient of diffusion can be estimated from the vertical intercept y of
a straight line fitting the log(	X(t)2
)-log(t) data
D 
ey1 
2 (4)
and  is estimated from the slope of the same line. Note that in the case of pure
diffusion,   1 and 	X(t)2
  2Dt (a linear relationship).
FRAP simulations. To simulate FRAP experiments, all proteins are given a
“tag” property that has value of 1 if they are fluorescent and 0 otherwise. At the
beginning of the simulation, all proteins have tag values of 1. When the system
has reached equilibrium with respect to spatial distributions of proteins, all
proteins in a particular area of the membrane have their tags set to 0 (while all
proteins outside this area have unchanged tags). Subsequently, the total sum of
the tags over the “bleached” area is recorded periodically and this procedure is
repeated until this sum, representing the total fluorescence due to the bleached
area, returns to its initial value. From this data, t0.5, the time required for the
fluorescence signal to return to half of its initial value is extracted (2, 9). The
relationship between the diffusion coefficient and t0.5 is
Dmacro 
2
4 t0.5
(5)
where Dmacro is the large-scale diffusion rate,  is the bleach radius, and  is a
correction factor (0.88 for a circular bleached area). The “macro” subscript
refers to the fact that because of the relatively long time scales involved in FRAP
experiments (and our simulations), the diffusion coefficient estimated using this
method reflects the large-scale mobility of proteins. In the case of pure diffusion,
one would expect the diffusion coefficient to be independent of the time and
space scales (it is a constant in the diffusion equation). Recent studies, however,
have suggested that diffusion is strongly impeded over large space scales so that
the short-range diffusion coefficient Dmicro is not, in fact, equal to the large-scale
coefficient Dmacro (28, 29). We estimated both Dmicro and Dmacro using direct
short time scale and FRAP simulations, respectively, in an effort to investigate
whether the presence of rafts accounts for the nonconstancy of the diffusion
coefficient.
RESULTS
Constructing a Monte Carlo model of the plasma mem-
brane. Here we establish a quantitative framework for exam-
ining how lipid rafts influence plasma membrane protein dy-
namics. We consider rafts in the context of their classical
representation as domains enriched in cholesterol and sphin-
golipids that diffuse as stable entities within the fluid bilayer
(23, 33). Although we refer specifically to lipid rafts, it should
be stressed that the model is generally applicable to any type of
plasma membrane microdomain that diffuses as a stable entity
within the fluid bilayer, irrespective of whether the integrity of
the microdomain is cholesterol dependent. Membrane pro-
teins exist in three categories: class 1, raft associated, being
present in mainly raft domains; class 2, nonraft associated,
being present in mainly the liquid-disordered phase; or class 3,
dynamic partitioning proteins that move in and out of rafts;
although classes 1 and 2 are simply extreme representations of
class 3. If rafts are mobile, a protein in a raft will be acted on
by two independent sources of motion: its own diffusive motion
and the diffusion of the raft that contains it. If a protein is
excluded from rafts, its mobility and diffusion will also be
influenced by the sea of rafts in which it operates.
A Monte Carlo approach is particularly suited to the prob-
lems considered here because the local motions of proteins
and rafts can be implemented using simple transition rules,
while individual events, such as collisions between proteins,
can easily be recorded in time. A detailed description of the
model is provided in Materials and Methods. In brief, a model
lattice membrane was constructed onto which proteins and
rafts were randomly seeded. The proteins and rafts were then
moved randomly by Brownian movement. The area of the
membrane that was designated lipid raft and the radius of the
rafts were varied over wide ranges but were fixed during any
given simulation. In the model, rafts move more slowly than
individual proteins because of their greater cross-sectional di-
ameter. The relative velocity of rafts of a given radius com-
pared to that of an individual protein was estimated using the
Saffman-Delbruck equation (27) and is shown in Table 1. The
mobility of a protein in a raft is reduced compared with that of
the surrounding membrane region because of the dense pack-
ing of lipids in the liquid-ordered raft environment (4, 23, 30).
This critically important behavior is reflected in the parameter
i, which is the ratio of the distances moved by a protein in unit
time, inside and outside a raft (see equation 1 in Materials and
Methods). The influence of this parameter on the behavior of
protein diffusion and protein-protein interactions forms the
first part of this study.
To interrogate the model, a number of parameters were
tracked for each simulation as follows: (i) the proportion of
proteins in rafts, (ii) the equilibrium concentration of proteins
in rafts after allowing the system to reach a steady state, and
(iii) the collision rate of proteins. The collision rate was chosen
as a simple and qualitative first approach to probing the effects
of lipid rafts on cell membrane chemistry, although chemical
reactions were not considered explicitly in this work.
To fully characterize the properties of these model rafts, we
first examined in detail the situation where rafts have no in-
herent affinity for a protein but operate simply under the pa-
rameter . These simulations therefore reflect the behavior of
proteins that interact with the plasma membrane primarily via
N- or C-terminal lipid anchors. If the diffusion rate of a protein
is lower in rafts, then, intuitively, the residence time of a
protein in a raft should, on average, be greater than that in a
nonraft region of equal dimensions. In other words, proteins
are more likely to be found inside rafts than outside them if 
is 	1. This hypothesis was tested with simulations in which the
initial distribution of proteins was uniform and random: the
dimensions of the membrane were 500 nm by 736 nm onto
which 2,500 proteins were placed. Representative results are
shown in Fig. 1. The proportion of proteins in rafts begins at
25% since, in this simulation, rafts represent 25% of the mem-
brane, and proteins are distributed randomly. As proteins en-
ter rafts through diffusion, they are less likely to escape back to
nonraft regions due to the reduced rate of diffusion rate in the
raft domains. This leads to an aggregation of proteins in rafts,
which becomes more pronounced as the value of  decreases.
Conversely if  is 1, so that proteins are diffusively “blind” to
the presence of rafts, the effect is negligible. If rafts are immo-
bile and  is 1, there is no aggregation. If rafts are mobile and
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 is 1, a minor amount of aggregation is observed due to the
“sweeping up” of proteins by mobile rafts; for example there is
an 3% increase in Fig. 1. A raft “swallows” proteins that are in
its path, and these are subsequently moved along with the raft
during their period of residence. Figure 1 also shows that, after
a transient period during which the proteins are aggregating in
rafts, an equilibrium concentration is reached at which the
increased residence time in rafts is balanced by the nonzero
probability of escape.
The equilibrium concentration is essentially independent of
raft size and mobility. How does the equilibrium concentration
vary with raft dimensions and with ? To answer this question,
we performed experiments using all combinations of the fol-
lowing parameters: (a) total raft area equaling 10%, 25%, and
50% of the membrane, (b) raft diameters equaling 6 nm, 14
nm, 26 nm, and 50 nm, (c) rafts immobile and mobile, and (d)
 equaling 0.25, 0.5, 0.75, and 1. The membrane area and
number of proteins are the same as in Fig. 1, and the simula-
tions were run to equilibrium. A complete set of results is
shown in Fig. 2. The most striking feature of these results is
that the equilibrium concentration is essentially independent
of raft diameter and is not greatly affected, overall, by raft
mobility. The equilibrium concentration of proteins in rafts
falls, albeit quite weakly, with increasing ; as 31, this con-
centration tends to the proportion of the membrane that the
rafts occupy, as would be expected since, when  equals 1, rafts
are either blind (in the immobile case) or almost so (in the
mobile case) to the presence of rafts. Conversely, at low values
of , the probability of escaping from a raft is low and the
aggregation effect is substantial, leading to a high equilibrium
concentration in rafts. Thus, as 30, the rafts act increasingly
as “protein sinks.” The dependence of equilibrium protein
concentration on  appears moderately stronger as total raft
area decreases, but this is so simply because the initial concen-
tration in rafts then also decreases. We conclude, therefore,
that the equilibrium concentration of a protein with no inher-
ent affinity for rafts is predominantly independent of raft di-
mensions and raft mobility but moderately and approximately
linearly dependent on the difference in diffusion rates of that
protein between raft and nonraft regions.
Rafts have modest effects on (small-scale) diffusion rates of
proteins. We next investigated to what extent the average dif-
fusion rate of proteins is influenced by the presence of rafts.
The diffusion coefficient was estimated using equation 2 from
the mean squared displacement data recorded during the sim-
ulations. Figure 3 shows that the diffusion coefficient grows
with , and the dependence is approximately linear for immo-
bile rafts and is not strong but increases somewhat with raft
area. If rafts are mobile, the dependence is more tenuous and
reveals a complex interplay between raft size (and hence dif-
fusion rate), , and total raft area. In the immobile case, the
diffusion coefficients converge as 31, while in the mobile case
they do not, due to differences between the mobility of differ-
ently sized rafts (Table 1). The diffusion coefficients in the
presence of mobile rafts are always greater than when rafts are
immobile, but the separation is small and only fully resolved
when the raft area is 25%.
Figure 3 shows that the plots of D versus  for immobile rafts
of different diameters are superimposed on each other. Thus,
if rafts are immobile, raft diameter has no effect on the diffu-
sion coefficient. In contrast, the plots of D versus  for mobile
rafts do show some weak separation at high raft areas with
6-nm rafts slowing diffusion when  equals 0.25 to a greater
extent than larger rafts. We conclude that rafts have only a
moderate effect on the diffusion coefficients of raft-partitioning
proteins. In the most extreme realization of the raft model,
where 50-nm diameter immobile rafts occupying 50% of the
cell surface and  equals 0.25 so that 90% of the proteins are
partitioned in the rafts at any given time point (Fig. 2), diffu-
sion would be slowed only 2.5-fold compared to the same
protein diffusing in a plasma membrane containing no rafts
(Fig. 3). For a single protein diffusing on a free membrane, the
maximum value of D is exactly 0.5. Note, however that in some
simulations with mobile rafts, D is higher than this value. This
phenomenon is perhaps due to the combination of the two
independent movements of a protein: (i) Brownian motion and
(ii) the movement of the raft in which the protein is embedded.
These two effects may be roughly additive, resulting in the
observed diffusion rate of a protein being higher than 0.5.
Collision rates between proteins are maximal when rafts are
small (<14 nm) and mobile. We tracked the total number of
collisions between proteins occurring inside and outside of
rafts in all of the simulations summarized in Fig. 2 and 3 and
calculated a collision rate as described in Materials and Methods.
These results show that if rafts are immobile, the collision rate
is insensitive to both raft size and the parameter  (Fig. 4). In
a sense, this is not unexpected. Although the concentration of
proteins in rafts is higher than in the surrounding membrane,
leading potentially to a higher rate of collision, this is offset by
the lower diffusion coefficient in rafts causing reduced protein
mobility and hence reducing the rate of collisions. However,
this is not the case if rafts are mobile. Simulations show that
the collision rate depends on , reaching a maximum at around
 equals 0.5 and falling away at smaller and larger values. The
collision rate also varies strongly with raft size but in a complex
interplay with raft area. Thus, 6-nm mobile rafts allow the
highest collision rates when the raft area is 10% but allow the
lowest when raft area is 50%. In contrast, a raft diameter of 14
FIG. 1. Example output from a Monte Carlo simulation. The graph
shows the fraction of proteins on the membrane that are present in
rafts as simulation time increases. The simulations were run to equi-
librium.  is the ratio of diffusion rates inside and outside rafts. In this
set of simulations, rafts make up 25% of the plasma membrane and are
mobile. Raft diameter is 14 nm. Note there is aggregation of proteins
in rafts when there is a reduced diffusion rate in rafts (i.e., when 
is 	1).
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nm maximizes collision rates at areas 
25% and provides close
to maximal collision rates at 10% area. We speculate that the
increase in collision rate observed when rafts are mobile is due
to mainly collisions between rafts, which bring their constituent
proteins (especially those close to the rims of the rafts) in close
proximity. We conclude that if the function of rafts is to facilitate
protein-protein interactions, then raft mobility is critical to re-
alizing this function. Moreover, the model suggests that an
optimal diameter for rafts to maximize collisions between raft-
partitioning proteins is 14 nm. The maximum collision rate is
reached when  equals approximately 0.5, which represents a
good compromise between increased concentration of proteins
in rafts and reduced protein mobility.
Picket-fence experiments. Given that the data presented
earlier suggests that the effect of rafts on protein mobility on
the small scale (Dmicro) is not large, we also tested the effect of
placing an “actin fence” on the membrane. In accordance with
reference 7, the “pitch” of the fence array was set to 100 nm
and the perimeter density (i.e., the density of fixed obstacles)
was set to 20%. The raft dimensions were set to 14 nm,  to 0.5,
FIG. 2. Equilibrium concentrations of proteins in lipid rafts. As in Fig. 1, proteins have no intrinsic affinity for rafts; association is driven by the
parameter . Simulations were run for four values of , with rafts occupying 10 to 50% of the plasma membrane with diameters of 6 to 50 nm.
The equilibrium concentration of proteins in lipid rafts depends modestly on  in both cases and weakly on raft diameter.
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with a raft coverage area of 50%, and simulations were run for
500 time steps. The effect of the fence on mobile and immobile
rafts was tested because, as described in Materials and Methods,
collisions with the fence impede the movement of mobile rafts.
The results are shown in Table 2 and compared with earlier
data in which there was no fence post arrangement. We find
that the presence of the fence has an insignificant effect on the
collision rate of proteins if rafts are fixed but moderately de-
creases the interprotein collision rate if rafts are mobile. The
diffusion rate increases very slightly in the presence of a fence
system, and the equilibrium proportions of proteins in rafts fall
by about 10%. We conclude that the presence of a picket fence
system characterized by the parameters above has a relatively
minor effect on the dynamics of the system.
FIG. 3. The coefficient of diffusion of proteins in the presence of
lipid rafts. As in Fig. 1, proteins have no intrinsic affinity for rafts;
association is driven by the parameter . Simulations were run for four
values of , with rafts occupying 10 to 50% of the plasma membrane
with diameters of 6 to 50 nm. D is estimated from mean squared
deviation data using equation 2.
FIG. 4. Collision rates in the presence of lipid rafts. Total collision
rates between proteins were recorded during each of the simulations
summarized in Fig. 2 and 3. As in Fig. 1, proteins have no intrinsic
affinity for rafts; association is driven by the parameter . Simulations
were run for four values of , with rafts occupying 10 to 50% of the
plasma membrane with diameters of 6 to 50 nm. The total collision
rate is the approximate number of collisions per unit time at each point
in the simulation. (Note that this includes collisions taking place inside
and outside rafts.)
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In silico FRAP experiments. FRAP is frequently used to
estimate the lateral diffusion of plasma membrane proteins
over large distance and time scales. A commonly held and
perhaps intuitive expectation is that the lateral diffusion rate of
raft-associated proteins is significantly lower than nonraft pro-
teins because rafts diffuse slower than single proteins. The
analysis presented in Fig. 3 suggests, however, that the diffu-
sion coefficients might, in fact, be expected to vary by only
	2.5-fold even in a most extreme realization of the raft model.
To compare the actual diffusion rates measured in Fig. 3 with
the results of a FRAP experiment, we simulated FRAP by first
allowing the distribution of proteins on the membrane to reach
steady state over 500 simulation time units and then “photo-
bleaching” a circle with a diameter of 500 nm. The total area of
the membrane was increased to 5 m by 7.36 m, so that the
number of bleached proteins was 	0.6% of the total number
of proteins. This ensures that the fluorescence signal can re-
cover fully after “photobleaching.” We ran simulations for four
sets of parameters: (i) no rafts, (ii) mobile rafts of 14 nm
diameter making up 50% of the membrane with (  0.5), (iii)
mobile rafts of 14 nm diameter making up 25% of the mem-
brane with (  0.5), and (iv) mobile rafts of 14 nm diameter
making up 25% of the membrane but with proteins excluded
from rafts (i.e., if a protein attempts to enter a raft region, it is
rejected and does not move from its current voxel). Figure 5
shows that the fluorescence signal recovers much more slowly
if rafts are present. For example, the half-recovery time is
around 1,950 time steps if no rafts are present, while if rafts
represent 50% of the total membrane area, half-recovery time
is around 25,500 time steps. Calculation of the large-scale
diffusion coefficients (Dmacro) from these data (Table 3) shows
that these differences correspond to an approximately 3.2-fold
increase in Dmacro if rafts are absent. Thus, although the local
diffusion rate of proteins is not substantially altered under
these two realizations of the model (a 1.2-fold increase if rafts
are absent), their long-range mobility is significantly impeded
by the presence of rafts. Moreover, Table 3 also shows that
decreasing raft area from 50% to 25% results in only a 1.2-fold
increase in Dmacro; thus, a substantial change in the area of the
membrane designated raft translates into a relatively modest
change in Dmacro. We next examined if a simple FRAP exper-
iment could discriminate between a raft-associated and raft-
excluded protein under a realization of the raft model where
25% of the membrane is raft. Figure 5 and Table 3 show the
interesting result that exclusion from rafts results in only a
minimal, 1.07-fold faster Dmacro than partitioning into rafts. A
comparison of the calculated Dmacro from the FRAP data with
the measured Dmicro from the simulations shows that, whereas
the two coefficients trend in the same direction, their relation-
ship to each other, both in the presence and absence of rafts,
is highly variable (Table 3). To further explore the reasons for
the different ratios predicted by the measured diffusion coef-
ficients and the estimated values from the FRAP experiments,
we observed the recovery directly in QuickTime movies. For
two movies showing recovery of fluorescence for (a) no rafts
and (b) 50% rafts with  equaling 0.5, see the supplemental
material. These indicate clearly the difficulty of fluorescent
proteins in entering the bleached area and that of bleached
proteins in exiting it, respectively, when rafts are present.
Can raft affinity facilitate protein-protein interactions? To
date, we have considered  as the sole parameter for driving
raft association. We next investigated how an alternative mech-
FIG. 5. In silico FRAP experiments. Four FRAP experiments are
shown on a model plasma membrane in which rafts are not present;
rafts cover 50% of the total area, are mobile, have 14-nm diameters,
and slow down the diffusion of proteins by a factor of 0.5 (  0.5); or
rafts cover 25% of the total area, have 14-nm diameters and slow down
diffusion by a factor of 0.5 (  0.5); or rafts represent 25% of the
membrane and proteins are excluded from rafts (prr  1). Note the
bleaching step at 500 time steps. The t0.5 for recovery was extracted
from the recovery curves (2, 9). See the supplemental material for
QuickTime movies of two of these experiments.
TABLE 2. Effects of an actin fencea
Case Equilibriumconcn D
Collision
rate
Fixed rafts, no fence 0.73 0.284 54.4
Fixed rafts, with fence 0.63 0.32 52.5
Mobile rafts, no fence 0.69 0.414 126.9
Mobile rafts, with fence 0.57 0.418 91.1
a The change in partitioning, diffusion rate, and collision rate, respectively,
when an actin fence of pitch 100 nm and density 20% is present (the fence has
an overall density of 0.008, consistent with previous reports [7]). Rafts are 14 nm
in diameter and make up 50% of the membrane.   0.5.
TABLE 3. Long range diffusion is impeded by rafts a
Parameter set Dmicro (relativeto no rafts)
Dmacro (relative
to no rafts)
Deviation
factor
25% rafts 0.94 0.38 2.47
50% rafts 0.82 0.31 2.6
Raft excluded (25%) 1.57 0.41 3.83
a Rafts slow down the diffusion of proteins moderately on the short time scale
but strongly on the long time scale. Dmicro is not decreased significantly by the
presence of rafts (it is even increased if proteins are excluded from rafts), but
Dmacro is lowered considerably. The deviation factor is a ratio of the reduction in
Dmicro to Dmacro and would be expected to be 1 if the system were behaving
classically. Interraft collisions and crowding cause the long-range lateral diffusion
of proteins to be heavily impeded.
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anism of confining proteins to raft (or nonraft) regions affects
the dynamics of the population. To this end, we distributed
1,000 proteins on the plasma membrane and compared the
number of collisions when a protein is unable to escape from
rafts once it has entered ( prn  1) with the number of colli-
sions when there is no imposed confinement ( prn  0). The
value of the parameter prn gives the probability that a protein
attempting to leave a raft will be rejected; it is a simple real-
ization of raft affinity. If raft affinity is high, then prn is 1 and,
if raft affinity is low, then prn is 0 (for details, see Materials and
Methods). Since prn is a separate parameter from , we eval-
uated the effect of raft affinity for two values of .
First, to examine the effect of prn in isolation,  was set to 1
so that the diffusion rate in rafts is the same as outside. The
simulations were run with 14-nm mobile rafts occupying 10 to
50% of the plasma membrane. Figure 6 shows that increasing
raft affinity from prn equals 0 to prn equals 1 substantially
increases collision rate. The amplification is greatest (approx-
imately fivefold) when raft area is smallest (10%). Second, we
repeated the same set of simulations but with a diffusion rate
reduction in rafts also operating on the proteins (i.e.,  was set
to 0.5). Interestingly, Fig. 6 shows that, under these conditions,
there is no significant increase in collision rate by increasing
raft affinity, except again when raft area is low. Taking these
results together, we conclude that increasing raft affinity ( prn)
may be an efficient mechanism for concentrating proteins but,
in terms of promoting protein-protein interactions, raft affinity
is not necessarily additive with lateral segregation promoted by
diffusion retardation (), unless the area occupied by rafts is
small (10%).
DISCUSSION
In this study, we have devised and interrogated a stochastic
quantitative model of microdomains, such as those exemplified
by lipid rafts. We have focused on two fundamental aspects of
protein dynamics on the plasma membrane that intuitively
should be influenced by the presence of lipid rafts: protein
mobility or diffusion and protein collision rates. We have not
formally examined the effect of lipid rafts on the velocity of
specific biochemical processes, but the analysis of collision
rates is a first step in this direction.
The effects of rafts on protein diffusion. The results pre-
sented in Fig. 1 to 3 suggest that the mobility of proteins is not
affected to a great degree by the presence of rafts. On the one
hand, this is somewhat surprising since the membrane is di-
vided into regions of quite different diffusion characteristics
(especially as 30). On the other hand, if we consider the
membrane to be a homogenous medium, a proportion pr of
which is raft, with r being the step size ratio in rafts, then we
obtain an estimate for the effective relative diffusion rate (eff)
over the membrane, namely,
eff  prr 1 pr (6)
so that eff varies linearly with the diffusion ratio. Of course,
the approximation of homogeneity is debatable because the
rafts are not infinitesimally small. However, as they are small
relative to the membrane, it appears that equation 6 is an
accurate approximation. In essence, these results indicate that,
within the framework of this microdomain model, no signifi-
cant nonclassical behavior is caused by the presence of rafts on
the small spatial scale. Rather, the main effect is to attenuate
the global diffusion rate of proteins. Further evidence for this
comes from the anomalous exponents computed using the
mean squared deviation data (see equations 2 to 4 in Materials
and Methods). The case where  equals 1 corresponds to
classical diffusion, while  	 1 corresponds to anomalous dif-
fusion, in which the mean squared deviation exhibits a power
law relationship in time. In the simulations, the mean value of
 over all simulations was found to be 0.973 for both the
mobile and immobile raft cases. Minimum values of  were
obtained when 50% of the membrane was covered with 6-nm
FIG. 6. Raft affinity as a parameter to increase intermolecular col-
lisions. The collision rate between 1,000 randomly distributed proteins
(on a 500-nm by 368-nm membrane) was measured with the reflection
parameter for raft affinity ( prn) set to 0 or 1 (the minimum and
maximum values). The simulations were run for multiple raft areas.
When  equals 1 (i.e., the local diffusion rate inside rafts is the same as
in nonraft regions), increasing raft affinity produces a significant in-
crease in collision rate (top panel and table), an effect that becomes
more pronounced as raft area decreases. In contrast, the effect of
changing prn from 0 to 1 is much less dramatic if  is already optimal
for promoting collisions (i.e.,   0.5; middle panel and table),
although an effect is still seen when the raft area is low (10%). The
amplification of collision rate is the ratio of collision rates when
prn  1 and prn  0.
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rafts and  was 0.25 and when  was 0.86 or 0.85 if the rafts
were mobile or immobile, respectively. Values of  in the
range 0.8 to 0.9 indicate a small to moderate departure from
classical behavior. In any case,   0.25 is at the low end of the
biologically meaningful range of diffusion attenuation factors
(estimates of  in the range 0.33 to 0.5 have been reported) (4,
23). If  is increased to 0.5, the corresponding minimum values
of  increase to 0.94 and 0.92, respectively.
Given these results, how are we to explain the FRAP data of
Fig. 5, showing a very large difference in recovery speeds when
rafts are present or absent? The diffusion rate data suggests
that the mobility of proteins is not greatly altered by rafts on
the short time scale. On long time scales, however, the colli-
sions of rafts with one another reduces their mobility and, since
a large proportion of proteins are in rafts, this in turn may
prevent proteins from exiting the bleached area. Nonbleached
proteins entering the area are likely to collide with proteins
already occupying this area, resulting in a low rate of exchange
between the bleached and nonbleached regions. These effects
can be readily appreciated in the movies in the supplemental
material. The results in Table 3 also show that relating Dmacro
to raft area is problematic; decreasing raft area from 50% to
25% results in only a 1.2-fold increase in Dmacro, whereas
decreasing raft area from 25% to 0% results in a 2.5-fold
increase in Dmacro. In the context of biological experiments
that use techniques such as cholesterol-depletion to dissemble
lipid rafts, these comparisons become important since they
show that quite minor changes in Dmacro could reflect substan-
tial changes in raft area. The data also illustrate the difficulty of
using FRAP to discriminate between raft-associated and non-
raft-associated proteins. Where 25% of the membrane is raft,
exclusion from rafts results in only a 1.07-fold larger Dmacro
than partitioning into rafts, again a very small difference. Thus,
the seemingly intuitive expectation that because a protein is in
a raft it should have a diffusion rate that is significantly lower
than a raft-excluded protein is not necessarily realized. These
results may explain the similar range of Dmacro values reported
for raft- and nonraft-partitioning proteins in a recent compre-
hensive study (10). Finally the data illustrate that Dmacro devi-
ates significantly from Dmicro. This has been commented on
before in various studies on membrane protein diffusion (28,
29), but we show here that this deviation is variable and un-
predictable in the presence of lipid rafts.
Interestingly, the presence of an actin fence of low density
reduces the equilibrium concentration of proteins in rafts. The
reason for this is that, relative to rafts, proteins are consider-
ably more mobile in the presence of even a low-density fence.
While rafts are practically totally impeded from crossing into a
different membrane compartment, proteins can often slip
through the fence. The cytoskeletal fence system does not,
however, result in changed overall protein mobility, ruling out,
in the framework of this model, notable nonclassical behavior
due to such a structure. The fence arrangement at best slightly
increases the diffusion rate of proteins (despite the fact that it
provides additional obstacles to movement). The picket-fence
arrangement, in our model, has only a modest effect on the
dynamics of the system because even at high fence-post den-
sities, the primary effect is to reduce the mobility of rafts. In the
limit as rafts become completely fixed, the value of D would be
reduced by around only 0.1 to 0.15 (see Fig. 3).
The effects of rafts on protein-protein interactions. An in-
triguing result from the modeling with significant biological
implication is that the collision rate between proteins does not
behave in the same way in the cases of fixed and mobile rafts,
and, furthermore, the dynamics of the system are different.
The lateral diffusion rates of rafts are always less than those of
proteins, albeit modestly as shown in Table 1, so that the
motions of proteins might be expected to dominate. Neverthe-
less, the collision rates when mobile rafts are present are al-
most 1 order of magnitude higher relative to when rafts are
fixed or not present (Table 2). We speculate that the reason for
the increased collision rate is that a moving raft, in our model,
carries its resident proteins with it. When the raft, through its
own diffusion or through external diffusion, captures one or
more new proteins, this may result in collisions. As proteins
aggregate in rafts, this effect is all the more pronounced. These
observations have a clear biological relevance. Caveolae are
large (diameter, 65 nm) immobile raft domains that can occupy
4 to 35% of the area plasma membrane according to cell type
(19), whereas noncaveolar rafts, at least those occupied by
GPI-anchored proteins are smaller (	10 nm) and mobile (31).
Segregating proteins in caveolae rather than noncaveolar rafts
would, on the basis of our simulations, be predicted to have
quite different consequences.
These results suggest a role for rafts as membrane “reaction
vessels,” increasing the chance that two specific proteins of low
concentration will meet on the membrane. This would be a
particularly powerful mechanism if rafts could move direction-
ally or if raft reorganization were to take place under the
influence of some signal. Additionally, increasing the collision
rate (as observed in our model) would also serve to increase
the efficiency of membrane reactions. An interesting observa-
tion from the modeling was that the accentuated collision rate
was realized for only small rafts with diameters in the range of
6 to 14 nm. There have been many different estimates of raft
size that reflect the different methodologies used to study this
type of membrane microdomain. The most recent estimates
using fluorescence resonance energy transfer in live cells and
EM in fixed cells suggests that the size of cholesterol-rich
microdomains may be much smaller than originally suggested
and have proposed diameters in the range of 5 to 20 nm (20,
22, 24, 31). Our study here suggests that microdomains of this
size are optimal for promoting intermolecular collisions be-
tween captured proteins. This conclusion is further supported
by recent estimates of the diameters of nonraft H-, N-, and
K-Ras microdomains that fall in the same range (8, 22). In this
context, it is also interesting to consider how long a protein
spends in a raft after entering. This is the subject of ongoing
work, but for  equaling 0.5, we find that the average residence
time for a protein in a 6-nm raft is 25 s and that for a 14-nm
raft is 60 s (D. V. Nicolau, Jr., K. Burrage, and J. F.
Hancock, unpublished data). Our model therefore suggests
that the temporal resolution needed to visualize small lipid
rafts by SPT may require an image every 5 to 10 s, whereas
the highest resolution achieved to date is an image every 25 s
used to track gold-labeled GPI-anchored proteins (11, 12, 17).
A further important characteristic of the system is observed
if rafts selectively capture proteins, implemented here using
reflection probabilities to simulate changes in raft or microdo-
main affinity. This is a biologically meaningful way to model
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the interaction, since proteins can have more than one raft or
microdomain anchor, resulting in different affinities for rafts
and nonraft regions and, accordingly, different likelihoods of
diffusing out of rafts (for example, see references 25 and 26).
When proteins of specific types are confined in this way to
microdomains, selective collisions between proteins of these
types can be induced. Remarkably, this can be achieved even if
the concentrations of the proteins of interest are low. The
amplification of selective collisions is most dramatic at low raft
areas. This is an interesting result because it supports the idea
that, under certain biophysical constraints, rafts could easily
operate as selective concentrators of proteins (present in mod-
est concentrations on the membrane) that need to interact.
Note that, although we refer to rafts here, the same conclusion
is relevant to any protein that can be trapped in a specific
microdomain by some structural change or modification that
increases affinity for that domain. These results demonstrate
that the generation of low-abundance microdomains with high
affinity for activated GTP-loaded Ras proteins would be suffi-
cient to aggregate Ras-GTP into the signaling nanoclusters
recently observed by EM and SPT (8, 16).
Taken together, our results therefore suggest that two mech-
anisms may operate on the plasma membrane to control se-
lective biomolecular interactions in raft domains. Increases in
raft or microdomain affinity (prn) promote selective collection
of proteins to subsets of rafts for which they have high affinity.
This mechanism offers the most flexibility for regulating pro-
tein-protein interactions. In the absence of these specific in-
teractions, differences in diffusion rates between raft and non-
raft membrane () presumably mediated by different membrane
anchors is an efficient constitutive mechanism to segregate pro-
tein sets. And, assuming rafts are small (14 nm) and mobile,
this diffusion-driven segregation will also facilitate intermolec-
ular collisions. It will be the subject of future work to elucidate
the overall effect of rafts on membrane dynamics by including
“triggering” mechanisms and multiraft “platform” formation
that would simulate in vivo signaling events and organizational
phenomena, respectively. Additionally, concurrent work is ad-
dressing the question of whether rafts can account (in part) for
the anomalous diffusion behavior observed on cell membranes.
Finally, it is important to reiterate that our work describes the
behavior of modeled proteins and modeled rafts and, therefore
the results are dependent on the assumptions of the model.
In conclusion, we have presented a stochastic model of lipid
rafts and microdomains. Simulations of this model show that,
on short time scales, the mobility of proteins is relatively in-
sensitive to the presence of rafts, while on long time and
distance scales, rafts significantly slow the exchange of proteins
between membrane regions. Rafts capture proteins if their
diffusion is attenuated in rafts, and rafts are capable of cap-
turing specific proteins for which they have high affinity. Spe-
cific collision rates between proteins can be greatly increased
by their concentration in mobile rafts, but this effect is con-
strained by raft size and the extent of diffusion attenuation.
Finally, it should be noted that this approach and these general
conclusions are equally applicable to protein interactions with
other types of membrane microdomains. In this context, the
idea that the diffusive behavior of proteins is affected by both
positive microdomain interaction and exclusion from other
microdomains needs further exploration.
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